The use of graphite and polyolefins as starting materials to prepare nanocomposites is convenient because both are inexpensive and have very different properties, one is conductive and the other is insulating. The formation of nanocomposites can extend the applicability of both commodities. In this work we synthesized nanocomposites of polyethylene (PE) with two types of graphites, graphite oxide (GO) and reduced graphite oxide (RGO), by in situ polymerization using a supported metallocene catalyst. The functional groups on the graphites were used to higher than those of neat PE. However, the nanocomposites PEGO were insulant, whereas PERGO had a conductivity of 1.1×10
Introduction
Graphite is found in nature in the form of natural graphite flakes or powders of various particle sizes. Brazil is the third largest producer of graphite, preceded by China and India, and has large reserves.
1 Interest in the graphite industry has dramatically increased with the discovery of the outstanding properties of graphene, the one-atom sheet that composes graphite. 2 However, a major challenge is to obtain adequate quality graphene at an affordable cost. Some current production routes include chemical vapor deposition 3 , CO reduction 4 , and exfoliating graphite. 5, [6] [7] [8] [9] [10] [11] [12] [13] [14] The last method is the only one that can provide large quantities of graphene at a low cost and is the one used to obtain nanocomposites.
Published papers have documented the preparation of polyolefin nanocomposites with graphite or graphite oxide (GO) by blending in the molten state 2, 13, [15] [16] [17] , solid-state shear pulverization 18, 19 and solution. 20, 21 In general, nanoparticles are difficult to disperse. Dispersion of nanoparticles during olefin polymerization benefits from the low viscosity of the liquid polymerization media, which prevents nanoparticle emissions. Dry powder blending with nanoparticles requires special safety precautions and handling procedures to prevent emissions, dust explosions, and health hazards resulting from nanoparticle inhalation or absorption. 22 However, in situ polymerization (polymerization of the monomer in the presence of fillers) of ethylene or propylene with graphite or graphite-derivative materials has been less studied. 23 In recent years our research group has been working to obtain graphene/polyolefins nanocomposites using in situ polymerization with metallocene catalysts. [24] [25] [26] [27] [28] Our results show improvement on the Young modulus, crystallization temperature, thermal stability, and conductivity in the nanocomposites compared with neat polymer; however, our electrical percolation threshold was still too high. In that research we used commercially expanded graphite sonicated for 8 h, and we obtained the nanocomposites by in situ polymerization using a non-supported approach.
However, in some cases, to achieve a homogeneous dispersion of the nanocomposites, covalent functionalization of graphene with polymers may be necessary. 29 There is a growing research focus on introducing covalent linkages between graphene-based filler and the polymer to promote stronger interfacial bonding. 30 Although the functionalization of graphene with polymers is generally attempted with a view to confer new or improved properties to the polymer, the polymer may also prevent the aggregation of the graphene sheets. [29] [30] [31] [32] Polypropylene has very recently been grafted from Ziegler-Natta-immobilized GO prepared through a Grignard reagent. 33 Independent of the opposite nature of the polymer and GO, a good dispersion of sheets in the matrix was observed. Strikingly, in spite of the almost insulating nature of GO, good conductivity values were reported. Mülhaupt et al. 22 36 The ultimate goal in this study is to obtain a conductive material with high processability and good stiffness-to-density ratios so that it can be used in electronic devices for transducers, low-temperature heaters, cellular cells, and also in the aerospace and automotive industries.
Experimental

Materials
All materials were used as received. Graflake 9950 (FK) with a size of around hydrochloric acid, and potassium chlorate were purchased from Merck, São Paulo, Brazil.
Polymerization reactions were performed in a 100-ml reactor (Parr Instrument
Company, Illinois, USA). The solvents and solutions for polymerization reactions were handled under an inert atmosphere of argon using the standard Schlenk technique. The reagents were used as received, except toluene (Nuclear, Brazil), which was distilled under argon with metallic sodium and benzophenone (Sigma-Aldrich, Brazil). 37 
Graphite Oxide Synthesis and Thermal Reduction
GO was synthesized from FK flakes using a modified Staudenmaier method 38 ,
where the time of oxidation used was 24 h instead of 96h. The GO was then heated at 1000 o C for 30 s in an oven, using a closed quartz ampoule with normal atmosphere.
Reduced graphite oxide (RGO) was obtained.
Support of the Catalyst
For catalyst support, GO or RGO was placed in a Schlenk vessel with toluene using inert atmosphere and was sonicated with a bath (Ultracleaner 1600A, Unique, 
Polymerization Reactions
Polymerization reactions were performed in a 100-ml reactor; toluene was used as the solvent and an additional amount of MAO (Al/Zr=100) was added as scavenger.
The reactions were performed at 70 °C using a 3.0-bar ethylene pressure for 30 min.
The polymerization reactions were stopped using ethanol acidified with HCl (10%).
Characterization
The fractions of C, H, and N in the graphite samples were analyzed using a Perkin-Elmer MCHNSO/2400 analyzer. A sample mass of 2 mg was employed in each analysis.
The contents of zirconium fixed on the nanoparticles were determined by inductively coupled plasma emission spectrometry (ICP) in a Perkin Elmer, Optima 7300.
The melting temperature and crystallinity of the nanocomposites were measured on a differential scanning calorimeter (TA Instruments Q20) with a heating rate of 10 Scanning Electron Microscopy (SEM) was performed with a Phillips microscope (model XL30) operating at 20 kV, using aluminum stubs and gold metallization.
Transmission Electron Microscopy (TEM) images of the reduced graphene oxide were obtained using a JEOL 2010 TEM operated at 200 kV. All samples were prepared by depositing an acetone suspension drop on a copper grid (300 mesh) covered with amorphous carbon. TEM images of the nanocomposites were obtained using a JEOL 1200 EXII TEM operated at 100 kV. All samples were prepared by depositing an decalin suspension drop on a copper grid (300 mesh) covered with amorphous carbon.
Electrical impedance spectroscopy was performed to measure the electrical conductivity of the graphites. A sine wave with 1.0 Vpp was applied to the sample, and the frequency was varied from 1 to 10 6 Hz. The current and potential differences between the samples' faces were measured. The phase difference between the voltage and current in the sample allows the determination of the real part, which is associated with conductivity, and imaginary parts of electrical impedance. A numerical fitting algorithm was applied to the data, which provided the conductivity values.
Impedance measurements of the nanocomposites were obtained with films cut and sandwiched between two stainless steel electrodes assembled into an epoxy resin holder, as described previously. 39 Film thickness was between 50 and 70 µm, and the area was about 1.5 cm 2 . These films were obtained from samples prepared in a Carver
Press at 160 °C and 5 ton/cm for 3 min. The measurements were performed using an AUTOLAB PGSTAT 30/FRA 2 in the 1-MHz to 100-mHz frequency range, and the amplitude of the sinusoidal voltage was 10 mV. All experiments were carried out at 25 °C.
Results and Discussion
Elementary analyses showed that GO consisted of 33% oxygen atoms and that 13% still remained after reduction. Fourier transform infrared (FTIR) spectra (Supplementary data) showed that most of the oxygen is in the form of hydroxyl groups.
These functional groups are the ones to which MAO will be fixed, avoiding the deactivation of the metallocene catalyst, which is very sensitive to polar groups. The difference in the number of hydroxyl groups in GO and RGO was also confirm by the amount of catalyst supported.
The quantity of Zr in the supported catalysts was calculated by ICP, and the results were 1.31 wt% Zr/GO and 0.36 wt% Zr/RGO. Considering that initially 2 wt%
Zr was placed over the graphite support, the amount of Zr immobilized on the GO showed good results, given that normally only half of the catalyst remains in the support after grafting. 35 This high amount of Zr immobilized over GO can be attributed to the high number of oxygen groups available over GO. On the other hand, the amount of Zr supported over the RGO was only 0.36 wt%, which can be explained by the significantly reduced (2.5 times) number of oxygen groups available in RGO.
Studies of X-ray diffraction (XRD) (Supplementary data), Raman
(Supplementary data), SEM and TEM ( Fig. 1 and Supplementary data) of these graphites showed that they are constituted by graphene sheets (an average of 11 graphenes per crystal) with a distance between the graphenes of 0.8 nm in GO and 0.35 nm in RGO. As one of the objectives of this work was to compare the nanocomposites obtained by the supported method (this work) with the results obtained in our previous work, we included some of the published results. We previously used the non-supported method 23, 25-28 , i.e., we placed the graphite, MAO, catalyst, and monomer together in the reactor without supporting the catalyst first. In order to avoid the deactivation of the catalyst, the graphite used was sonicated expanded graphite (GNS) with a very low percentage of oxygen (2.4%), as described previously.
24 Table 1 shows the results of the polymerization of ethylene with the catalysts supported on GO and RGO. The results of the homogeneous polymerization of ethylene and the results obtained with GNS using the in situ polymerization (non-supported method) are also shown. In the case of the supported catalyst systems, the ratio of Al/Zr used in the reactor was 100 because the supported catalysts already have MAO impregnated in the support. In this case, the amount of MAO in the reactor works only as a scavenger because the catalyst was already activated by the MAO in the support.
For the in situ polymerizations with GNS, the Al/Zr used was 1000 because MAO needs to act as a scavenger and an activator.
In the polymerizations with the system Cp 2 ZrCl 2 /MAO/GO, there was a decrease in the catalytic activity with an increase in the amount of graphite in the support, probably due to the high number of oxygen groups even though the amount of MAO was also increased. In all cases these catalytic activities were inferior to the ones obtained with the reduced oxide that contained fewer deactivating functional groups.
The catalytic activities of the supported catalysts were lower than the ones presented by the homogeneous in situ polymerization. This behavior is normally observed in heterogeneous systems because not all the Zr impregnated in the support are actives, as is the case in homogeneous polymerization. The nanocomposite morphology was studied by SEM. Figure 1 shows the SEM images of all the graphites compared in this work; GO, RGO, and GNS, were all highly exfoliated. TEM of RGO and GNS are also shown in Figure 1 . It is possible to count the number of graphenes in the nanosheets (see the sheet between the arrows in Fig. 1d ),
confirming that RGO is composed by a few graphene layers as it was also estimated by XRD (supporting information). In GNS the number of graphenes per sheet was higher. formed spherical particles that flowed easily, preventing the fouling of the reactor. The non-supported catalyst gave nanocomposites with morphology closer to PE (Fig. 4) .
The nanocomposite obtained with the RGO had a highly exfoliated structure (Fig. 3d) ,
showing that PE grew over the exfoliated graphite sheets. The PEGO nanocomposites were also very exfoliated, but the blades of graphite were not as ordered as in the PERGO ( Fig. 2d and 3d) . Dynamic mechanical studies ( Figure 6 ) showed that the storage modulus (E') is higher in all the nanocomposites compared to the neat polymer, showing a significant increase in stiffness and reinforcement. Graphite fillers make the polymer stiffer when they are well dispersed. 40 Once that the DMA analysis takes into account the viscoelastic behavior of the polymer, the modulus measured in this analysis is not exactly the same to the Young's modulus of the classic stress-strain curve. However, as the storage modulus is associated with a rigid material, it may be related to the Young's modulus especially in the room temperature region. 41, 42 At 25 °C nanocomposites with similar amount of filler, PEGO2 (2.5%) and PERGO1 (2.2%) show the same E' of 2100 MPa.
This value is 75% superior to the one presented by the neat polyethylene (1200 MPa).
When the GO content added was 9.5% (PEGO4) the value found for E' (2300 MPa) was almost doubled. Such important enhancement in the storage and/or Young modulus have been seen in other studies when graphite-based fillers were considered well dispersed in the matrix. 18, 22, 26, 27 These data as well as the transition temperature (Table 1) , which was higher in the nanocomposites, showed the reinforcement effect of the fillers, which depends more on the amount than on the type of graphite. One of the aims of this study is to transform an insulant material as PE to a semiconductor material to broaden the applications. Table 2 shows the conductivities of the fillers (GO, RGO and GNS) and their PE nanocomposites. The presence of almost 33% oxygen atoms in GO should make this graphite the least conductive among the studied ones, and this was the case in our study. However, 1.2×10 -2 S•cm -1 is also good average conductivity given that the measurement of conductivity is made of a pellet without any orientation. Graphite is an anisotropic material that presents conductivity only in one direction, i.e., in the horizontal plane, so this method obtained an average conductivity.
GNS, which has only 2.4% oxygen, is only two times more conductive than GO; on the other hand, RGO with about 13% oxygen is 10 times more conductive than GO. The presence of oxygen, therefore, is not the only factor influencing conductivity. Previous studies 24 (see also Supplementary data) shows that RGO is more exfoliated than GNS and has fewer graphenes per sheet. This difference in the type of graphite used has an appreciable influence on the conductivity of the nanocomposites produced. In the case of the nanocomposites obtained with GO, neither of them were conductive even using a high amount of filler (9.5%). The nanocomposites obtained with GNS using the in situ This strong decrease in the percolation threshold can be attributed to two factors.
The first is the excellent exfoliation of this RGO, the quality of the graphene sheets with a low number of defects, and possibly the presence of single graphene sheets that provided a better dispersion in the matrix. The second factor is the methodology used, which was supporting the catalyst that led to the morphology of the graphene sheets. It can be seen in Figure 3 that the PE-recovered graphene sheets are almost parallel or orientated, which significantly enhance conductivity. On the other hand, Figure 2 shows that the nanocomposite sheets in PEGO are disordered, which does not provide good conductivity. To our knowledge, this is the first work where these types of morphologies are shown. 
Conclusions
PERGO nanocomposites with excellent morphology and good conductivity were obtained. The key to obtaining this interesting material is the preparation of a high exfoliated graphite with a low number of defects and some oxygen functional groups (13%) on the surface as support in the in situ polymerization of ethylene. The nanocomposite was obtained in the form of spherical particles that flowed easily. A
closer view of these particles shows that they are formed by parallel sheets of graphene recovered by polyethylene. This morphology and the good dispersion of the filler in the matrix resulted in an improved conductivity compared with that of the nanocomposites obtained by the in situ polymerization with the non-supported approach.
